Abstract-Band-pass microwave systems such as ultra-wideband antennas are traditionally characterized in the frequency-domain through a vector network analyzer in an anechoic chamber. A recent study proved antennas could be accurately measured in the time-domain using a step-function time-domain reflectometer (TDR), without the need for an anechoic chamber. We propose a new advance in the TDR characterization method. An impulse generator is employed in place of the step generator in a TDR set-up. The advantage conferred by this change is that more energy is available beyond a given frequency than with a step, and so a higher signal-to-noise ratio is achieved. The theoretical result is compared with measurement.
I. INTRODUCTION
T IME-DOMAIN reflectometry (TDR) is a well-known technique in electronic and optical systems [1] - [4] . It has recently been used successfully in the characterization of antennas in [5] and [6] . The motivation behind this is twofold: A TDR is less costly than a vector network analyzer (VNA) [5] , but more importantly the time-localization of the energy in the test signal means that the user can dispense with the anechoic chamber that is required for antenna measurements with a sinewave exciting signal.
The traditional stimulus signal in a TDR is a voltage step. The energy in a step signal falls with increasing frequency. In the situation where the device under test (DUT) is interesting in only a limited high bandwidth, as with antennas, most of the energy in the step is wasted and the dynamic range of the measurement is limited. On the other hand, an impulse test signal has a theoretically flat bandwidth. In this letter, we explore the advantages of making impulse TDR measurements, similar to a traditional TDR but employing an impulse-like signal instead of a step-like signal. The work is timely because a high-quality impulse generator has become available [7] - [9] . This allows us to compare theory with measurement. An ideal impulse has a flat frequency response. Although the unit impulse is a theoretical construct and does not physically exist [10] , it is used as a limiting case when the width of a pulse approaches zero. Derived from the convolution of two rectangular ("rect") functions, the trapezoid function provides an approximation of a realistic impulse with finite rise and fall times [11] ( 2) where is the trapezoid amplitude, is the full width at half maximum (FWHM), and is the rise/fall time from 0 to 100% of the amplitude. The Fourier transform of is given by
The Heaviside unit step function is defined as
This function represents an ideal voltage step which is immediately elevated to a constant level at a definite time [12] . The Fourier transform of is given by (4) The response varies as the reciprocal of frequency and so approaches zero amplitude as frequency tends to infinity. This theoretical construct does not physically exist because a realistic step waveform has a finite rise time. The Fourier transform for a step function with finite rise time is given by (5) 1531-1309/$26.00 © 2011 IEEE where is the rise time from 0 to 100% of the amplitude . Fig. 1 presents a number of spectra that will be compared with the spectrum of an ideal step (Heaviside unit step) that appears as the dashed line. The new impulse source generates impulses with a typical FWHM of 23 ps [13] . The rise/fall time is estimated as 18 ps (5 ps flat-top). By inserting these parameters in (3), the Fourier transform of a unit amplitude impulse was simulated in Matlab. This function can now be compared with the unit step from (4) and some realistic step waveforms from (5) in Fig. 1 . It can be seen that even the realistic, limited impulse signal contains more energy than an ideal step for frequencies above about 7.5 GHz. When the step waveform is not ideal, but similar to what is practically available today, the comparison becomes even more favorable, as can be seen in the same figure.
III. MEASURED RESULTS
An impulse-style TDR was constructed as shown in Fig. 2 . The set-up features an impulse generator with a 23 ps pulse width [7] - [9] , a dc to 26.5 GHz power divider, and an 18 GHz TDR operating in oscilloscope mode [14] . The DUT was a Wide-Band sector antenna designed to operate between 5.47-5.85 GHz. A step-type TDR set-up was constructed using a similar configuration but with the impulse source replaced with a 50 dummy load and the mainframe set in TDR mode. The divider was included to replicate the conditions of the impulse TDR set-up so that fair comparisons between techniques could be made. An attenuator was also inserted between the oscilloscope channel and the divider, to further reduce the step signal to a similar amplitude produced in the impulse TDR set-up. Calibrated measurements were acquired using a VNA, where the DUT was situated outdoors to provide an accurate reference for comparison with the TDR measurements.
A. Acquisition in the Time-Domain
Two time-domain measurements were employed in the subsequent frequency-domain processing: A reference waveform reflected from a short, and the waveform reflected by the antenna. Averaged measurements taken by the impulse TDR set-up were windowed with the Dirichlet window in Matlab, to remove the incident portion of the signal and to remove spurious reflections as required for subsequent frequency-domain processing as re- ported in [5] . The rectangular window contained the essential data that corresponded to the DUT response, and provided a reference plane extended to the end of the cable where the DUT was to be attached. The length of the time window was chosen so that there was sufficient time for the antenna's reflection to settle, while limited to block out spurious reflections caused by the presence of objects near the antenna. Initially, a 35 ns acquisition window was chosen as endorsed in [5] . The same process was followed for the acquisition of the step TDR measurements.
B. Transformation to the Frequency-Domain
The zero-padding operation was employed to ensure adequate frequency resolution, along with the application of the Nicolson algorithm to avoid truncation error [3] . A computer program computed the discrete Fourier transform (DFT) for both the reference reflection and DUT reflection, resulting in and . The reflection scattering parameter was then computed by for frequencies between 2.0-9.0 GHz. The DUT response obtained by both the impulse TDR and step TDR methods, were plotted against the VNA reference as shown in Fig. 3 . The frequency range shown is constrained to the antenna's specified operating range.
C. Variance
A plot of the variance measured between the TDR measurements and the VNA reference are shown in Fig. 4 . The Fig. 4 . jS (f )j variance measured to 9 GHz between each TDR system response and the VNA reference. Fig. 5 . Frequency spectra for the impulse TDR and step TDR measurements when the (a) reference short was connected at the reference plane (b) DUT was connected at the reference plane. The noise floor was determined by measuring the noise present in the system with the signal source disabled. frequency axis is limited to the 9.0 GHz bandwidth of the VNA. The impulse TDR measurement clearly contains less variance than the step TDR measurement, especially above 7.0 GHz.
D. Dynamic Range
The spectra measured in the reference short reflections for both the impulse TDR and step TDR systems are shown in Fig. 5(a) . Similarly, the spectra present in the DUT reflection for each TDR set-up are shown in Fig. 5(b) . It is apparent from both figures that the energy in the impulse TDR reflection exceeds the energy in the step TDR reflection above about 3.1 GHz. Beyond 3.1 GHz the 23 ps impulse TDR offers a significant improvement in SNR compared with the Agilent 54754A 40 ps step TDR. Recommendations for the application of impulse TDR, step TDR, and VNA measurement techniques, are summarized in Table I . The numerical value for each parameter will vary with circumstance and so only trends are given. 
IV. CONCLUSION
In the situation where the user will post-process reflection waveform data, for example, to determine -parameters, the impulse version of TDR is superior at frequencies above 7 GHz. It may also be advantageous when the user is looking for precision in spatial localization, say in a connector or similar in-line structure, as the increased energy at higher frequencies can help.
